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ABSTRACT

This report covers in detail the research and nevolosment work carried
out by M.L.T. Lincoln Laboratory for the U.3. Energy Research arnd
Development Administration under subcontract from the Los Alamos
Scientific l.aboratory as part of the JUMPer program during the period
1 July through 31 December 1975. The topies covered include infrared
nonlinear crystal growth, cvaluation, and application; optically pumped

gas laser research; and stable COZ laser development.
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INTRODUCTION

Over 60 ingots of CdGeA Sy hava been grown during the reporting period. The
material was dominantly p-type and the yield of usable single crystals of volumes
of at least 1 cm3 has been increased.

The optical absorption in Cd(‘}e}”ss:2 has been tentatively shown not to arise
fr .in foreign iinpurities, It has been found, however, that the strength of the optical
ahsorption increases with hole concentration. Electrical measurements show con-
siderable spatial va-.iation in hole concentration and a donor-acceptor model has
been developed which correlates well with the observed temperature dependences
in the electrical data.

Seeded Bridgman growth of AgGaSe, has been demonstrated. By optimizing
the amount of excess Se and Ag it should be possible to minimize precipitates and
make high optical quality material.

Second harmonic generation in CdGeA 8, of radiation from cw and high repeti-
tion rate Q-switched COZ lasers has heen studied, Efficiencies for cw and Q-
switched operation have been ohserved to be 0, 5% and 18% respectively. Using a
repetitively pulsed TEA laser the limits of high peak/Xigh average power operation
are being explored. Average powers of 0.31 W were obtained at 50 Hz (6. 2 mj/pulse)
during the first minute of operation. The power subsequently dropped indicating
heating effects,

Phasematching angles have been measured at liquid nitrogen temperature for
ditference frequency generation hetween 12.3 and 15.7 pm using CO2 and COlasers.
The observed difference between 300 K and 80 K is within the experimentzl uncer-
tainty in crystal orientation and boule-to-boule variations in phasematching angles,

A SiH4 laser has been operated and is the first example of optically pumped

transfer laser action in a nonlinear molecule, The optical gain decreases with

pressure and the laser ceases operation at 35 Torr. Six SiH, lines have been ob-

served in the 7.90-7.99%-.m region,




The high-pressure limit for laser operation in Csz-CO-He and OCS-CO-He
has been studied. The threshold pump power increases linearly with pressurs until
the pump pulse length becomes comparable with the deactivation time after which
the power required has an apparent exponential dependence on pressure. Acetylene
has been operated at pressures up to 610 Torr and a 3% slope efficiency was oh-

tained using a 1:3:30 mixture of C2H ~-CO-He,

2
In related work supported by tne U. S. Air Force a 16 atm COZ- CO transfer
laser has been operated and experiments are underway to demonstrate contintous

tuning at high average powers.

A grating-tuncd 012CS laser has been developad. 013CS was also operated

as a laser,but with the available pump energies ¢rating-tuned operation was

marginal,

A 16 ym CO,, laser has been constructed using a mixture of CO,, and HBr

2
pumped by HBr and CO2 lasers, A number of experiments have been performed
which demonstrate the relative importance of various kinetic rates and show that
pressure scaling is possible. A high-pressure (100 Torr), room temperature opera=-
tion has been obtained using a high energy CO, -TEA laser (TAC 2).

Tunable diode laser measurements of MNHS and 15NH3 have heen made in the
12,2 pm region. The diode laser data as well as LASL data have been compared
with data from Rao and a number of lines identified. The frequency of a 1'401602
laser transition was measured, using heterodyne techniques, relative to an ammonia
line providing a calibration accuracy of + 0.002 emL,

In work jointly supported by LASL and the U, 5. Air Force, an ultrastable,
high repetition rate, passively Q-switched Co, laser system has been operated.

With SF() as the Q-switch, repetition rates from 10 kHz to 150 kHz were observed,
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GROWTH AND CHARACTERIZATION OF NONLINEAR OPTICAL CRYSTALS

1.1 CdGeAs2

We have grown more than 60 ingots of CdGeAs,, in the six month period

2
covered in this report. Many of these ingots contain only one or two grain bound-

aries and the yield of single crystal and uncracked pieces with volumes of at least

3

1 cm” has increased. Nearly all of the material is p-type with carrier concentra-

tion ranging from 1.4 x 1015 to about 2 x 1016 cm-3 at room temperature, One
sample was particularly interesting because it exhibited the lowest hole concentra-
tion at room temperature that we have observed to date, 1.4 x 1015 cm-3, and also
the lowest absorption constants at the wavelengths of interest to LASL, namely
0.95cm Lats um, 0.25 em™ ! at 10 um and 0.8 em™L at 16 um, all at room
temperature.

We helieve that we have made some progress toward the goal of under-
standing the cause of the optical absorption that is so troublesome at 5 gm and in
some crystals at 10 ym and beyond. In three separate experiments, the reacted
compound was zone refired with at least 35 zone passes prior to growth to try to

remove impurities which might induce the absorption. No improvement in the opti-

cal properties was observed, however, for samples of the three ingots grown from

che zone refined material, Based on these experiments and on many mass spectro-

graphic analyses, we have reached the very tentative conclusion that large foreign

impurity concentrations probably are not responsible for the broad optical absorp-
tion extending from the band edge out to beyond 10 ym. We will not spend more
time on zone refining during the next quarter.

Anotler observation which we have made is that the strength of the optizal
absorption increases with the hole concentration. Hole mobilities vary widely
fror sample to sample but there appears to be no correlation hetween mobility and
ahsorption coefficient, Some of our data are shown in Fig, 1, 1-1wherethe absorp-

tion constant at 5 pm both for 80 ard 300 K is plotted versus room temperature
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hole concentration for samples grown during this report period. Electrical ard
optical measurements were made on the same samples in most cases; in the others,
two samples from near neighbor slices of an ingot were used. The large error bars
on the carrier concentrations represent the values obtained from two sets of elec-
trical leads for the Hall measurements on each sample. The hole concentration is
clearly very nonuniform since the two sets of Hall leads are separated by only about
4 inm on most samples and over this short distance factors of 5 variation in hole
concentration are often observed, Although no error bars are indicated for the
absorption constants, they too are very uncertain due to optical nonuniformity. The
sample with the highest absorptior constant and highest carrier concentration was
grown from a melt of composition, CdGe.i . 025A52, and all of the others were
grown from melts with the three elements in their stoichiometric ratios, While
the scatter in the data is very large, it is clear that the absorption coefficient at
5 pm both at 8¢ ar1i 350 KX increases with increasing room temperature hole concen~
tration. (There is no correlation between the absorption strength at 80 or 300 K
with the carrier concentration at 80 K; we will return to this point later in the text.)
These data indicate that p-type crystals with hole concentrations of 1015 cm-3 or
less would be quite adequate for infrared mixing to obtain the 16 um radiation which
LASL requires. Ahsorption spectra at 300 and 80 K for a sample with 1,4 x 1015
holes per cm3 at room temperature are shown in Fig, 1.1«2, Even for this low
carrier concentration, there is much less ahsorption at 80 than at 300 K, Note
that the absorption constant changes from about 0,95 to 0.4 cm-1 at 5 pum, from
0.25to0 0.09 crn—1 at 10 pm and from 0. 8 to 0. 2cm-1 at 16 pm on cooling from
room temperature to liquid nitrogen,

in a further effort to undei stand the nature of the absorption, we have madc

Hall and resistivity measurem ats as a function of temperature for temperatures

between 80 and 375 K, Some of our rcsic.ivity data are shown in Fig, 1, 1-3 where

~—
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resistivity is plotted on a log scale versus reciprocal temperature, for 5 samples.
The resistivity increases rapidly as the temperature is reduced, due to carrier
freeze-out onto deep acceptor levels, Each resistivity reaches a nearly constant,
but different value when the temperature is reduced sufficiently,

The lall constant is plotted in Fig., 1.1-4 on a log scale as a function of
reciprocal temperature for the sample with the highest resistivity on the previous
figure. For temperatures less than 300 K, the same type of belavior is observed
as for the resistivity, because the hole mobility does not change very rapidly with
temperature. At temperatures greater than 500 K, carriers are thermally excited
across the band gap and the Hlall constant becomes negative above 345 K because
the clectron mobility is larger than the hole mwobility. On cooling below 125 K, not
much more change in hole concentration occurs, Any model to explain chese data
should contain at least three kinds of electrically active defect and/or impurity
cemters. Deep acceplors must exist for the holes to deionize from about 125 to
80 K. Because the hole mobilities are quite low (100-200 with a rare 400 cmz/volt-
sec at 300 K) we also postulate the presence of donor levels, For such a model,
the value of the carrier concentration at the lowes: temyperature shown is equal to
the shallow acceptor concentration, NAI’ minus the donor concentration, ND; the
difference i3 4. 2 x ]O11 f:nf".‘i for this sample. The slope of the straight line seg-
ment of the curve between about 300 and 150 K gives a deep acceptor ionization
energy of 0.3 ¢V. The hole and electron effective masses arc approximately 0.26

1.1-2

and 0. 035111 endtheenexryy gapis about 0, S5eV between 300 and 400 K. Using

these parameters one can fit the tlall data quite well as shown by the solid curve

- . R .

in Fig. 1.1-4 by choosing 3 x 1{)lh cm  for the deep acceptor concentration, NAZ’
and 25 for the mobility ratio. Estimates for the vajues of Ny or Nj ; are not pos-
sible from these data. The surprising result is that the acceptor level is deep and

ahout 0.3 eV from the valence band edge and also ncarly (1. 3 eV from the conduction
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band edge., Therefore optical absorption due to transitions to or from this level
could not extend beyond about 4 pm in wavelength, The residual absorption that we
observe at 300 K all the way out to 15 pm may be due to intervalence band transi-

tions, L1-3 perhaps at more than one point in the Brillouinzone. The absorptionat

wavelengths less than 4 pm does not decrease much with decreasing temperature,
as seen in Fig, 1.1-2, It may be due to transitions from the valence hand to the
deep acceptors and from the deep acceptors to the valence hand, The absorption
strength of the first process increases with decreasing temperature while that of
the second decreases and the nct could be nearly temperature independent, as
observed,

It is interesting that the difference of the donor concentration and the shallow
acceptor concentration is as small as 4.2 x 1011 cm-?’ fur the sample of Fig, 1,1-4.
This difference is not so low for all samples (note the varjious values at which the

resistivity curves become flat in Fig. 1.1-3) but it is usually less than 1014 cm'3.

As mentioned above there is no obvious correlation between this difference, which

is equal to the carrier concentration at 80 K, and the optical transnussion of the

crystals, Presumably somec compensation mechanism fixes Np at a value very
close to that of NAI‘ We have never observed a p-type sample for which ND o Nni
but we will try to liffuse a donor, such as In or Sc¢, into some crystals in the next

quarter to reduce the carrier concentrations, Diffusion coefficients for Cd, Ge

and As must be quite small because we have anncaled 1 mm thick samples for
2 weeks at 600°C in atmospheres of Cd and Ge or As and have not been able to
change the carrier concentration at all, n-type crystals grown to date have all

1

exhibited carricr concentrations in excess of 2 x 1017 cm’ , whether doped or un-
doped, and they have all becn more opaque than our worst p-type samples.
During the ncxt quarter we will continue our eifort to optimize the growth

conditions for a be yicld of high quality crystals, As mcntiored ahove, some
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diffusion experiments will be undertaker and we will coutinue to study any proper-
ties which can lead to a better understanding of the problems assaciated witl pro-
ducing CdGeA 8, crystals suitable for nonlinear infrared mixing.

G. W, Iseler
H. Kildal

References:

1.1-1 H. Kildal, Technical Report AFML-TR-72-277,
1.1-2  A. Shileika, Surf. Sci. 37, 730 (1973).

1.1-3  H. Kildal, Phys. Rev. B 10, 5082 (1974).

Figure Captions:

1.1-1 Absorption constants at 5 ym both at 80 and 300 K versus room temperature
hole concentration for Cd(}'eAs2 crystals,

1.1-2  Absorption spectra at 80 and 300 K for a CdGeAsE sample with 1,4 x 1015

3
loles per cm™ at room temperature,

1.1-3  Resistivity versus reciprocal temperature for fivc CdGeA32 samples,

[
-—
1
a
—
——
%)
]
b
[ gt]
(<]
=
wn
-
18]
&

whose absorption spectra arc shown in Fig. 1.1-2. The solid line was

calculated from the model and parameters discussed in the text,
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1.2 AgGaSe2

We have obtained two single crystal ingots of 1°igG:-.lSe:2 by seeding two
consecutive Bridgman growths in high temperature gradients. Seeds about 6 mm
square by 30-35 mm long were cut with their ¢ axes parallel to their long dimen-
sions. One of them was inserted into a square tube section at the bottom of a
quartz growth ampoule, which widened out from the 6 mm square at the seed to a
25 mm diameter at the top. About 170 grams of prereacted material was then
loaded into the ampoule. A thermocouple junction was tied to the outside of the
square tube at the center of the seed and the sealed ampoule was raised into the
upper hot zone of a growth furnace until the thermocouple indicated 850°C. The
ampoule was then lowered at a growth rate of 1 cm per day. Neitker ampoule
broke during cooling and both ingots slid out easily. Laue x-ray patterns showed
that each ingot is a single crystal and that each has the same orientation as that of
the seed; the c axis parallel to the cylindrical axis of the ampoule, Figure 1,2-1
is a picture of one of the ingots which was grown from a melt of composition
AgGaSez. 005° This crystal contains some precipitates which scatter light and
reduce the transmiscion of a 6.3 mm saraple 18% below the reflectivity limit at
2,5 um, The other ingot was grown from a meit with composition AgGaSezl 01 and
it contains less precipitates but some cracks, Each ingot hus less precipitates near
the outside edges than at the center due to the more rapid cooling at the outside and

therefore spend less time at the temperatures where precipitation occurs.

On the hasis of our results we believe that seeded Bridgman growth is a prac-
tical way to avoid the cracking which otherwise takes place because of the negative

thermal expansionl‘ 1-4 parallel to the c axis. QOur earlier experiments as well as

1- 1"5

those of Matthes et al. for A gGaS2 have shown that it should be possible to grow
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crystals of AgGaSe2 essentially free of precipitates, by optimizing the amount of
excess Se and Ag in the melt, Further work is in progress,

G. W, Iseler

References:

1.2-1  Quarterly Progress Report, Lincoln Laboratory, M.1.T., 1 July-30 Sep-
tember 1974 to LASL on the Program in Support of the JUMPer Program,

1.2-2  H. Matthes, R, Viehmann and N. Marschall, Appl, Phys. Lett, 26, 237
(1975).

Figure Caption:

1.2-1 AgGaSe2 ingot grown by seeded Bridgman method,
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& APPLICATION OF INFRARED NONLINEAR MATERIALS

2.1 Efficient, High Average Power SHG in CdGeA 8,

The second harmonic generation (SHG) in CdGeA52 crystals subjected

to intense focused CO2 radiation is being studied, Conversion efficiency of the

samples has been investigated for both cw and Q-switched operation of the pump
laser. A tunahle 002 laser with = 1,75 m spacing between the grating and the out-
put coupler mirror was used in our experiments, The laser is capable of producing
over 20 Watts ¢cw when tuned to the P(20) transicion of the (Uﬁol) - (1000) band.

The sa'ne laser is used for the Q-switching experiments, but with a system of
two lenses and a chopper wheel inserted between the CO2 cavity window and the
grating, The arrangerient is sbown in Fig. 2,1-1. The chopper wheel is located
at the focal point of two AR coated ZnSe lenses with f = 3,5 cm. The wheels, which
consist of equally spaced knife-edged slots, are attached to a high-spced motor
capahle of over 13,000 rpm, Average output powers over 10 W have been achieved
at the highest rotation speeds using a 180-slot wheel, each 8 mils wide. Peak
powers well ¢ver a kilowatt have been obtained with this system.

aj cw Second Harmonic Generation

The samples investigated to date were obtained from two boules
(#74-32 and #76-5) which were found to have relatively low absorption at the doubled
frequency., These samplus, orientcd for Clase I phasemarching, were placed in a
liquid nitrogen Dewar to further reduce absorption, The samples varied in length
from 4 to 13 mm, with varying cross-sectional areas, down to 1.5x 3 mm. The
radius of the focused beam waist, as determined by calibrated aperture measure-
ments, was approximately 90 um.

The second harmonic power generated in the initial experiments
carried out using uncoated samples showed the expected P(2w) a !E’(Lu)2 dependence,
with no indication of saturation or thermal degradation even after increasing the

effective pump level available by overcoming the large reflective losses at the
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vacuum-CdGeA Sy interfaces, This was done by evaporating a zinc sulfide coating
on the froat and rear surfaces of the samples to optimize transmission at wave-
lengths of 10, 6 and 5.3 um respectively. By this means the transmission at each
face can be increased from 69% to 97%. The effect of anti-reflection coating upon
second harmonic generation in sample #76-5N is shown in Fig. 2.1-2, where the
second harmonic power emerging from a CdGeA52 sample is given as a function of
the CO2 power incident upon the front surface. The two curves were taken with the
same sample, before ard after ..R coating. The twn dashed lines are related by the
ratio (0.57/0. 69)3. The figure shows no indication of saturation at the highest
pump levels, which correspond to intensities of the order of 105 W /cmz, and no
signal degradation was observed while maintaining this level for several minutes.
While most samples investigated withstuod the input lcvels discussed above,
the damage threshold of one sample was reached at 3 x 104 W/cm2 and in another
at about 5 x 104 W/cmz. The damage was manifested by a sudden and total disap-
pearance of second harmonic, with no apparent signal degradation before the occur-
rence, After reaching the damage threshold, a fine ash deposit is gbserved on the
Dewar window, and a hole -~ 150 um diameter and ~ 1 mm depth is formed on the
front face of the sample, with indications of surface melting. The back surface of
the sample remains undamaged. These results are in muarked contrasr with the
pit and plasma formation observed in CdGeAs.,, when subjected to high-energy
pulsed input.z' 1-1 The cw damage appears to be consistent with the "thermal-
runaway’ mechanism which has been proposed to explain the damege in semicon-
ductors used as high-power window materials, 2 172
The thermal conductivity, K, of CdGc:As2 is increasing rapidly with decreas~

L7 2t T = 100%).2: 173

ing temperatures at the lowest temperatures measured (Ka T
Reducing the samplc temperature should theretfore result in a significant increase

in the damage threshold.
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b)  Q-switcied Second Harmonic Generation

For Q-switching, a slotted chopper wheel is located at the common focal point

of two AR coated, f = 3.5 c¢cm, ZnSe lenses, where the computed beam diameter is

2.1-4
83 pm, Several wheels, with varying numbers of equidistant slots and slot widths

have been used. The slots of the wheels with 180 and 90 slots are nominally 8 mils

] E wide, while those on the 45- and 30-sltot wheels are nominally 6 mils wide. It has
been found that, in addition to slot width variaton within each wheel (~ + 5%), there

; . are significant differences in the averag> width values of the two wheel pairs. This

F_l ' has made certain quantitative comparisons difficvlt, as will be discussed below,

1 _ A fast-swirching laser should have the full beam width appear in the slot in a

time period short compared to the pulse build-up ime t, For ™ 400 ns, the

? wheel velocity v at the beam waist should be greater than 2.1 x 104 cm/sec. Inour

experimental arrangement, the velocity was limitedto v- 7.3 x 103 cm/sec. How-
ever, we found no indication of the multiple pulses predicted for slow switching by
Hellwarth>* 1> and observed by Meyerhofer. 2* 16 [nstead, after a rapid pulse rise and
partial decay, with a FWHM of approximately 200 ns, the pulse reaches a low lavel

which slowly decreases until the end of the pulse is reached. Reducing the chopper -

wheel velocity results in a "stretching-out™ of the low-level region. This is seen in

Fig. 2.1-3, whichshows the 002 laser pulse using the 180-slot chopper wheel rotating
at velocities of 6.2 x 103 cm/sec (40 kHz pulse rate) and 3.1 x 1()d cm/sec (20 kHz).
The spread of lines at the end of the pulse is indicative of the variation of slot widths,
The most notable effect of further velocity reduction down to ~ 500 cm/sec is a sig-
nificant decrease in the inidal pulse height.

The effect of varying the whee1 velocity upon the average value of the C‘.O2

laser output and the second harmonic generated is shown in Fig, 2.1-4. Althoughthe
ratio of on/off time is independent of velocity, more of the output pulse occurs in

the low-level region as the wheel slows down; hence the observed decrease of




R ST
Aot Ao e

average laser output with decreasing velocity. The second harmonic output drops
more rapidly than the CO2 output, resulting in a decreasing SHG efficiency with
decreasing velocity.

An alternative method of varying the pulse rate is to maintain a constant wheel
velocity but changing the number of slots per wheel, The variation of the average
second harmonic power generation as a function of the square of the Q-switrhed
CO2 laser input power is given in Fig. 2, 1-5 for the four wheels previously de-
scribed, The wheel velocity in all four cases was v = 6.2 x 103 cm/sec., The ex-
perimental results shown in Fig. 2. 1-5 were obtained using a premixed gas cylin-
der with a 1:3:18 ratio of C02:N2:He, and the CO2 laser power was varied by chang-
ing the electrical energy input and the gas pressure in the laser tube, Although the
gas mixture was not optimum for achieving maximum laser power, the use of a pre-
mixed gas ensured similar laser conditions for all the curves,

The increase in the slope of the curves with decreasing pulse rate in Fig. 2, 1-5
is expected in view of the results given in Appendix 2.1-A, where it is shownthatfor a
fixed pulse shape the slope of the curves are inversely proportional to the pump fre-
quency. However, the accord is only qualitative since the pulse shapes are different
for the different wheels, This is true even for wheel pairs which are nominally of
the same slot widths. The difference is «ue in part to width variations within each
wheel, but primarily to the variation in the average width between wheel pairs of
nominally equal slot widths; most notably hetween the 90- and 180-slot wheels.
Finally, if the period between pulses is too short Lo permit the maximum inversion
buildup, the peak power will vary with the number of wheel slots. Relative values

of the CO,, laser peak power as a function of pulse scparation under fixed electrical

2
input power conditions is shown in Fig. 2,1-6. Although the cffect is decreasing,

the peak power is still rising at the longest pulse separation times measured. Hence,
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even if the slot widths were the same, there would still be some variation from the

inverse frequency relationship derived in Appendix 2,1-A.

As noted previously, the premixed gas ratio used in ohtaining the results of
Fig. 2,1-5 was not suitable for maximizing the laser output power under Q-
switching conditions. The maximum average CO, laser input to the CdGeAs,
sample achieved to date is 8,6 W, obtained with the 180-slot wheel at a 40 kHz
pulse rate and a COzzNthc ratio of 1:1.4:4, The corresponding average SHG
power emitted by our sample was 640 mW,

Although this is the highest average SHG power obtained, the overall powver

efficiency is 7. 3%. This relatively low value is not surprising, since, as shown

in Eq. (2) of Appendix 2. 1-A, the efficiency is notproportional to the average CO2
[ g laser power, but rather to the effective power output per pulse, This should be
lowest for the 180-sloi wheel since 1) it has 8-mil slots, so the laser output is
low for a sigmificant portion of the pulse and 2) the peak power level, as given in
Fig. 2.1-6, is lowcst for this wheel.

Using the 30-slot wheel at a pulse rate of 7, 8 kHz and a gas ratio of 1:1:3. 2,

a maximum external overall power cfficiency of 187, was obtained (< Pw‘.- =2,4 W,

+

: j <P2w‘> = 0.43 W). This corresponds to an internal power efficiency of ~ 19%. The

; highest external efficiency previously reported was 12, 8‘/'[..2' el obtained with a CO2
TEA laser using an uncoated C(iGt.eAs:2 sample at liquid nitrogen temperature. Cor-
rected for reflection losses, that corresponds to an internal conversion efficiency

of 27, 6%. 1t should be noted that the use of a TEA laser severely restricts the

. 2.1-
pulse rate. The above miecasurement 1-1 was made at 1 pps.

Both the CO2 laser input pulse and the corresponding second hatimonic pulse
for which 18% conversion efficiency was obtained are shown in Fig. 2,1-7. They

indicate peak powers of approximately 1200 W and 325 W at 10, 6 and 5,3 pm
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respectively, correspruding to an external peak power efficiency of 27%. There is
no indication of saturation at this conversion level,

The results of Fig, 2, 1-6 indicate that higher peak power efficiencies will be
i : obtainable using longer pulse intervals. To establish tiis, wheels with as few as
E 2 slots will be investigated. In addition, improved methods for generating narrow

slots of well-defined width on the chopper wheel are being pursued.

N. Menyuk
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APPENDIX 2,1-A

The instantaneous value of the second harmonic power generated is propor-
tional to the square of the instantaneos CO2 laser pump power. We can approxi-
mate this over a single pulse by the relationship Py (eti; = n sz (eff), where
P?u.;r(eff) and sz(eff) are the effective pulse vower levels % IT Py,ydt and
%J’ sz d t respectively, where 7 is the pulse length and K ig a proportionality
cmfstant. The average second harmonic power <P, ,>, as measured by a thermo-
pile detector, is given by <P, ;> =v Pqy (eff) = KvP‘j(eff), where v is the pulse
frequency. Similarly, the average CO2 pump laser output <Pw> =vE, (eff). For

a given pulse shape, the ratio sz(eff)/(Pw(eff))2 =@ is a constant. In that case

the average second harmonic power is related to the average CO2 pump power by

<P?w> = -I—<\7 <Pw>2 (1)

and the average second harmonic generation efficiency

<P2w>

<P .>
.

(¥

K' Pw(eff) , (2)

where K' is a new proportionality constant equal to o K ,




2.1-1

2,1-2

2,1

3

2.1-4

2.1-5

2.1-6

2,1-7

«22-

References:

2.1-1 Solid Stute Research Report, Lincoln Laboratory, M,LT., (1975:2), p. 23.

2.1-2 F. A. Horrigan, C. A, Klein, R, J. Rudko and D. T, Wilson, "“High Power
Gas Laser Research, " Final Technical Report on Contract No. DA-AH01-67-
1589, Reytheon Research Division, September 1968, pp. 59-64.

2.1-3 P. Leroux-Hugon, Comptes Rendus 236, 3991 (1963;.

2.1-4 H, Kogelnik and T, Li, Proc., IEEE, 54, 1312 (1966).

2.1-5 R. W. Hellwarth in Lasers, vol. 1, A, K, Levine, Editor,(M. Dekker, Inc,,
New York, 1966).

2.1-6 D. Meyerhofer, IEEE J. Quantum Electron, QE-4, 762 (1968).

Figure Captions:

Schematic arrangement of chopper-wheel Q-switched CO2 laser,
Variation of ¢cw second harmonic power output with CO2 laser input
power, Also shown is the effect of anti-reflection coating, The two
dashed lines are related by the ratio (0.97/0. 69)3.

Effect of velocity ‘hange upon pulse shape of Q-switched CO2 laser using
180-slot chopper wheel.

Effect of velocity change upon the CO2 laser pump power and the corre-
sponding second harmonic power using 180-slot chopper wheel.

Effect of varying wheel slot spacing upon serond harmonic generation at
constant velocity.

Relative laser pump peak power as a function of pulse separation.

CO2 laser pump pulse and correspondmng second harmonic pulse. Energy

per pulse: 10.6 pm, 307 pJ; 5.3 pm, 55 pJ. Pulse rate: 7.8 kHz,

VR
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2,2 Average fecond Harmonic Power Limitations in CdGeAs2

The high peak power puised second harmonic generation (SHG) experi-
ments using CdGe)’\s2 crystals performed to date have used lov repcation rates of
approximately 1 Hz; recently we have investigated the performance of these crystals
at higher repetition rates using a 002 TEA laser in order to investigate the average
power handling capability of the crystals, Other experiments, performed by N, Men-
yuk have used a Q-switched CO2 laser capable of still higher repetition rates but with

lower energy per pulse,

The CO2 TEA laser used in these experiments was capable of producing
0.7 ] pulses at rates up to 25 Hz and 0,34 | pulses at rates of up to 50 Hz, The
multimode, single line (P(24) of the 9.6 pm band), output was passed through a
beam reducing telescope which produced a spot size of 3.3 mm. The doubling
crystal, 74-36-C, had a cross section of 11 x 13 mm and a length of 10 mm. This
crystal which has higher absorption losses than our best doubling ¢ rystals was used
because of its large aperture. The crystal was mounted in a liquid nitrogen Dewar
by different techniques, described below. The laser energy, as well as the SH
energy, was measured using a Gen~Tec pyroelectric joulemeter; the average SH
Fower was measured with a Scientech meter.

The maximum SH energy per pulse was limited by the available laser energy;
no visible glow indicating optical damage was seen. Examination of the SH pulse
shape showed a width of 130 nsec, FWHM, The CO2 TEA laser gas mix was ad-
justed to be lean in nitroen, in order to minimize the nitrogen tail on the pulse
and increase the peak power, The maximum output energy per pulse was 21 m] at
a rate of 4 Hz, measured at the exit window of the Dewar, for an input energy of
0.7 ] incident on the entrance window.

In the initial experiments the crystal was contacted to the Dewar tail secticn

by only one surface and was held in position by spring loading. At the maximum




laser energy of 0.7 ] and repetition rates of 10 Hz, the SH power dropped within a
few seconds, but returned to the original value if the beam was blocked for about a
minute, Measurements of SH power versus pulse repetition f;equency, shown in
Fig. 2,2-1, deviated from a straight line at the higher rates, Both these results
suggested the sample was being heated by the beam to the point where thermal run-
away oucurs. A number of different heat sinking techniques were tried, the most
successful being one in which the crystal was placed into a close fitting "U" shaped
copper yoke, contact to the sides being made by a mixture of Cry-Con grease and
Apiezon N. The yoke was closed by another piece of copper, with indium foil being
used to make good thermal contact. Figure 2, 2-2 shows the SH power versus p,r.f.
curve for this case. The SH power output of 0, 22 W at 20Hz could now be maintained
for ~ 1 minute, the limit being imposed by the tendency of the TEA laser to arc at
these repeiition rates.

Tiic TEA laser could be operated at repe! rion rates greater than 20 Hz by
halving the size of the energy storage capacitor w0 0.03 pFd; the output energy was
then~ 0.34 J/pulse. Under these conditions, average second harmonic powers of
0.31 W were obtained at 50 Hz using the impcroved heat sink described, The SH
power dropped within 2 minute or so, suggesting heating was again occurring,

A technique for indium soldering CdGeAs2 to copper blocks was develone:.,
These samples did not crack with repeated taermal cycling. The soldering technique
will be used to mount samples in the Dewar in future experiments,

The temperature rise at the center of the rectangular CdGeA32 crystal can be

estimated using an expression derived for an edge cooled circular window of radius
R, with the temperature of the edge pinned to TO. The temperature T(0) at the cen~

- .. ter of the window is found to be

T(O) = T, + g1 +20:R/p,)

A A
— — =

AT s F
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Here p, 18 the Gaussian radius of the beam, B the absorption coefficient ani *. the

thermal c0nductivity.2' Rl If the beam size is about the same size as the sample we can

set Py = R and obtain,

STeFR

where AT is the temperature rise between the center and the edge of the window.,
It is important to remember that the optical absorption increases and the thermal
conductivity decreases with increasing temperature, leading to thermal runaway above
a critical power. By using the 77°K valuesz'z'2 B =0.06 crn"1 and K =0.25 W/cm—oK
together with P = 15 W we obtain AT =0, 3°C. This temperature rise is too small to
lead to thermal runaway and does not account for the observed behavior. A possible
explanation may lie in the existence of small inclusions with higher absorption than
the measured average absorption. Such inclusions could give rise to locally high
temperatures; this heating could then raise the temperature of tie surrounding
material sufficiently to cause runaway. Inclusions of this kind would not be detected
on the scans of 10 pm transmission and SHG routinely performed on each sample as
long as they were uniformly distributed throughout the volume; this sample did in
fect Yook uniform on these scans,

Further work to determine the cause of the apparent heating and to evaluate
the performance of AR coated crystals is planned.

T. F. Deutsch
H. Kildal
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Figure Caption:

2.2-1 Second harmonic power versus pulse repetition frequency for CidGe.As2 at

77°K {nominal) using two heat sinking techniques.
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2.3 Difference Frequency Mixing in CcIGei“&s2 at Liquid Nitrogen Temperature

The phasematching angles for difference frequency inixing in CdGeAs2 at

liquid nitrogen temperature has been measured for output waveleugths between 12,3
and 15, 7 um using a CO laser tunec between 5.39 and 5.96 yn and a CO2 laser
operatcd at 9.59 ym, Figure 2, 3-1 shows the results together with the calculated
phasematching curve using the indices of refraction dataz' 3-1 and a previous room-
temperature measurement on another sample.

As expected, there are only small changes in the phascmatching angles
between liquid nitrogen and rocom-tempcrature and it is not necessary to remeasure
the indices of refraction at liquid nitrogen temperature to predict tuning curves for
cooled CdGeAs2 samples, The main difference in absolute measured angles for the
two samples in Fig. 2.3-1 is due to the uncertainty in the crystal orientation (% 0, 50)

and the fact that therc is a small variation in phasematching angles from boule to

boule.

H. Kildal

G. W. Iseler
Reference:
2.3-1 H. Kildal and J. C. Mikkelsen, Optics Commun, 10, 306 (1974),

Figure Caption:

2.3-1 Output wavelength for CO-CO2 laser mixing vs calculated and meas-
ured phasematching angles for type ! phascmatching in two samples
of CdGeAS2 the first cooled to liquid nitrogen temperature and the

second at room-temperature,
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3. OPTICALLY PUMPED TRANSFER LASERS

3.1 CO Transfer Lasers

a. New laser systems

i) SiH,-CO

We have obtained laser action in SiH4-CO mixes at pressures up to 35 Torr.
This is the first reported laser action in SiH4 and it is also the first time an optieally
pumped energy transfer laser has been demonstrated for other than a linear moleeule.
The threcholds for laser action in nonlinear moleeules are generally expected to be
higher than for linear moleeules for several reasons, The rotational degeneracies
are lifted, redueing the gain of eaeh vibrational-rotational transition. The number

of modes of vibration is also larger, inereasing the number of ehannels for vihrational
relaxation and making the production of an inversion more difficult. The limitations
due to rotational and vibrational relaxation can be overcome by using direet rather
than transfer pumping and operating at suh-Torr pressures where no collisions occur
during the pump pulse. This approaeh has been used to produee optically pumped

3.1-1

laser aetion in SF6 : howevel it requires an exact frequency match between the

puinp laser and the lasing moleeule.

A tctal of 6 SiH4 laser lines “as heen obseried in the 7. 90 to 7,99 um region,
Table 3, 1-1 lists the nbserved lines and Table 3. 1-2 gives the four modes of the
tetrahedral SiH4 molecule. Only the v4 and the vy modes are infrared aetive. The

CO transfers energy into the v, and the V3 modes. There are several possible laser

1
transitions in the 8 um region originating from these levels: vy TV (1272.8 em’ l),

Vg Y, (1276.4 em-l), adl Vg Vg (1216.0 cm-l). The speetroseopie econstants for
Sil—i4 are not well enough known to identify the ohserved laser lines. We can only state
that the lasing is not on the Vg v, transition hecause its band ecnter is too far away
from the observed laser frequeneies.

The wavelength measurements were performed without any frequency seleeting

element in the laser eavity. We tried to operate the laser with a grating in ovder to
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extend the tuning range in the 7.9 um region and to obtain laser action near 8.2 wn
on the Vg =V, transition. The insertion losses, however, were too high to allow laser
operation.

The optimum CO-SiH4 mixing ratio was 1:1, although ratios from 1:3 to 4:1 were
operated. Addition of helium was also tried, but did not increase either the output

energy or the operating pressure; this is in contrast to its effect on the C2H2 and the

(352 systems. Figure 3.1-1 shows the output energy versus input energy for a 1:1 mixture.

The threshold is I.7 m] of pump energy delivered to the cell, and the slope efficiency
is 0.5 percent with a maximum output energy of 0.03 m]. The gain of the SiH4-CO
laser decreases lincarly with pressure and the measured threshold of approximately
1/3 of the available pump energy at 12 Torr agrees well with the ocbserved high pressure
limit of 35 Torr.

Some minor problems were encountcred because of the reactivity of the silane;
a chemical reaction with the glass cell used initially caused some white deposits on

the mirrors, The use of a brass cell, however, eliminated the problem.

ii) Other systems
We have also tried unsuccessfully to achieve laser action by energy transfer

from CO to the tetrahedral molecules GeH4 and CD4. Table 3. 1-2 lists the mode

frequencies; the GeH4-CO system, with band centers of respectively 1290.5 cm'l,

1

1289.6 cm , and 1180, 9 c:m-1 for the potential laser transitions Vg UV VY

1 Y
and vq - Vo is of particular intcrest, The output mirror had a reflectivity of 98% at
1290 cm” ! (7.75 um) and at 1250 cm” ! (7.94 um™!). The laser ccll was aligned hy
optimizing the SiH4 laser. The available pump energy was 6 times the SiI-I4 threshold
at 10 Torr. From the failure to obtain lascr actinn in GcH4 it follows that the gain is
less than 1/6 of the gain in SiH4. This is surprising. Spectroscopically the molecules
arc quite analogous and we ther2fore expected the CO energy transfer times and the

sclf-deactivation rates to be very similar. Either this is not true or the SiH4 has an

anomalously high gain due to accidental linc overlaps of different transitions. The fact
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that six lines were observed makes the latter explanation unlikely, It was less

surpris.ng that the (‘.D4 did not lase.  In this molecule the 2v2 and the 2v4 mwles

arce in close resonance with the vy maxle thereby providing a pathway for rapid

nearly resonant V-V deactivation of the v modu.
We Tuve also tried unsnecessfilly to obtain laser action in 1ICN by CO transfer
—~ v, transition
i 2

. -1 . . . . ¥,
(1377 ¢m ). The gain on this transition is unknown although if is expected to he Tower

into the v made at 2089 cm-I with possihle laser action on the v

than on the Va VI transition (1223 ¢ m-l) which may be pumped using an HIT laser to
excite 11 followed by energy transfer into the 1ICN Vi maode.

Another interesting svstem that we have investigated is he (!II.,‘I-%(‘.(),‘2 system,
The C1 I..‘I-' was excited by the C()2 P20Y Pine of the 9.6 wn band with the hope of oh-
taining cnergy transfer intoe the CO2 (I()Oli-[iZOI))l ur (lu"n-nz“u)" maode followed hy
laser action to the (010) level, 'This svstem is speculative since most of the impor-
rant relaxation rates are unknown.  ‘The pay-off is ohvious, however, if o 16 pm laser
can he construcred with a ("302 pump laser. The experiment was attempted in a 65 cm
cell with dielectric mirrors and cooled to -80°C to reduce the population in the (‘.02
(01 l()) level. The output coupler had a reflectivity of 99 percent at 16 um, The front
mirror limited the input energy to the cell to 150 m] because of optical damage prohlems.

Lascr action was not observed in this configuration.

h. High pressure operation and wavelength measurements for the CZIIZ-CO-IIC
and the OCS-CO-He systems
We have investigated the upper pressurce limit for laser action in C2H2 and OCS,
The pressure limit is sct hy the deactivation rate of the upper laser .evel, Experimentally
it is found that the puinp power necessary to reach threahold increases lincarly with
pressure until a certain pressurce is reached ahove which the threshold suddenly starts
to incrcase cxponentially. This change in pressure dependence occurs when the deactivatio

time is comparablc to the laser pulse length. Since the deactivation rate duce to helium is

usually slower than the self-deactivation rate, helium was added to the laser medium to
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increase the pressure limits, The results for both gases are presented i1 Table 3, 1-3.

In the acetylene laser experiments we used commercial (32H2 from which the

standard traces of acetone were removed by a cold trap a. -80°C. Figure 3,1-2,

shows optical transmission of a cell filled with CZHZ with and without a cold trap.

1

5 -
The 8 um CzH2 laser will also operate without removal of the acetone, but at a higher

The C 2H2 absorption around 7.5 pm is due to the combination band transition v 41 +v

threshold.

Adding either He or H2 to the CZHZ-CO system improved the laser perfor-
mance significantly. Besides raising the high pressure limit, it increased the maxi-
mum output power and the slope efficiency. In a 14 cm cell a maximum output power
of 0,12 mj was obtained at 30 Torr with a C2H2'CO‘H2 ratio of 1:3:3, The maxi-

rmum slope efficiency of 3.1% was observed in a CZHZ-CO-He mixture of 1:3:30 at
250 Torr total pressure.

The encouraging high pressure results for C2H2 motivated us to attempt to run

this gas in a UV preionized TEA laser configuration which should allow higher out-

put energies. A cold trap was used to remove the acetone from the C2 H2 before it

was injected into the TEA laser cavity. CO-C2 HZ-H2 and CO-CZHZ-He laser mixes
similar to those used in the optical pumping experiment were tried. We also attempted
to obrain lasing by adding nitrogen to the discharge. However, no laser action was
cbserved.

In the last semiannual progress report we reported the wavelength measure -
ments for the CZHZ laser. We have now identified the laser emission as the Q(9),
Q(11), Q(13), and Q(15) lines of the 01CH0-00001 1 transition, The observed lines,
together with the measurements by Shelton and Byme,s' oK are listed in Table 3.1-4

and there is good agreement with the calculated frequencies. Only odd ] transitions

are observed since the odd rotatio.nl levels nave three times the statistical weight of

the even levels. We list aiso the Q-branch transitions for the CZHD and the C2 D2
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molecules. These occur at respectivelr 1175 ¢ " (8.51 um) and 1225 em!
(8,16 ym). It might be possible to extend the L .ser action in C2H2 to the P-branch
by inserting a grating in the cavity. Th: R-branch is less likely because of the
combination band absorption.

c¢. High pressure tunable CO2 laser®

High pressure speration of optically pumped molecular lasers has the potential
of continuous tunability. C02 is particularly suitable for high pressure gperation

1

because of jts low self-deactivation rate of the 00°1 mode, 350 sec Y Torr™!, we

have examined the high pressure opzration of the C0,~CO-He system, The use of

2
helium rather than CO2 for pressurc breadening has certain advantages, since it
pressure broadens CO2 about 2/3 as much as CO2 itself, but deactivates the CU2
upper level only 1/4 as rapidly. The three component gas system thus allows the
absorption of the pump laser, the density of the active medium, and the pressure
broadening to be controlled somewhat independently.

We have operated the COZ-CO- He svstem up to 16 atm, the limit imposed by
the cell windows. For a 9:1:57 mixture in a 4.3 c¢m cell the measured thresheld
energy at 16 atm was 2.1 m], the slope efficiency was 6 percent, and the maximum
output power was (.25 mj. The threshold did not change significantly between 10
and 16 atm. This is because the pressure broadening of the lines is now partially

wen s M3 3 ypmte 1o

NN e -1
1 \:\_)2 48 =y :ouun..;uux.;_y

compensated by line ovellap, ai 10 alw the rotaiiciual lines o

broadened to allow continuous tuning. In addition hecause the CO lines are also

broadened it is not necessary to rely on a specific coincidence between the CQO, second

harmonic and a CO absorption line, This was verified by prouducing laser acti;m using

the C02 P(20) and P(22) lines in the 9.6 ym banl as well as the regular P(24) line.
2

need to incorporate a grating, an etalon, and apertures for mode selection in an

In order to be useful as tunable sources, the high pressure CO,, laser will

*This work was sponsored by the Department of the Air Force, and reported for
inforniation purposes.
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external mirror cavity. The additional window losses and the increased build-up
tiras in this configuration raised the 16 atm threshold to~ 11 mjJ in an external
mirror cavity; grating tunable operation is estimated to require at least twice this
energy and should be possible with the expected improvements in doubling technology.
Such advances in second harmonic generation should inake possible a high repetition
rate, continuously tunable CO2 laser.

d. Development of grating tuned 012CS and OlSCS lasers

Some of the frequencies that wouid be generated by an OIBCS laser may be
useful for isotope separation. We have compared the performance of the two CO-
OCS systems using OIBCS supplied by LASL.

Tuning techniques were first examined using OIZCS and a grating tuned QCS
laser providing over 80 lines between 8. 19 and 8. 46 um was developed, The Ol 2CS laser
output on the 00°1-10%0 transition was tuned from R(8) to R(47) and from P(6) to P(48).
Figure 3,1-3 shows the 012CS output energy versus input energy for different cavity
combinations. In these measurements the second harmonic energy was focused by
a7.5"f.1 lens into the cavity. The threshold energy for a cavity with a Brewster
window and a grating is 2.2 m], about ten times higher than for the internal mirror
cavity.

13 CS. The thresh-

We then tried to operate the grating tuned laser using O
old, "wwever, was higher than for 012CS. The laser was barely above threshold
and it was too unstable for any frequency measurements. Figure 3, 1-4 shows the
output energy versus input energy for a cavity with one external mirror and no
focusing., The 013CS threshold is about a factor of two b rher, which is probably
partly due to a slower energy transfer from CO into OCS because of a larger fre-
quency mismatch (134 cm—“l cempared to 81 cm-l) and also due to a faster deactiva-

tion of the upper laser level because of a stronger resonance between the 00°1 mode

and the .1200 and 04°0 modes.




~43-

In order to improve the performance of the grating tuned 013CS laser, we
have tried different cavity designs including a three-mirror cavity with a ZnSe
window AR-coated on one side replacing the Brewster window. This structure
should reduce the insertion losses of the grating. Experimentally, however, the
threshold remained approximately the same. We have also tested a 55 cm cell at
-80°C, The room-temperature threshold was higher for this laser as shown in
Fig. 3.1-5. However, at -80°C the threshold decreased by a facror of 3.5 and it was
comparable to the room-temperature results for the 14 cm cell.

In order to determine the lasing lines we performed some preliminary fre-
quency measurements on the 013CS laser with an iaternal mirror cavity. The
measured lines are listed in Table 3.1-5. The frequencies of the OCS 00°1 = 10°0

transitions are glven by
n » - 2
vim) = v+ (Bypo, + 3,500 m + (By.0, = Bjy0,) m

where v

RGY q
13

0" "CS band center Yo is not known to better than a few wavenumbers. Using our

v(J + 1) for the R-branchand v pa) = 4 (~]) for the P-branch., Tue

preliminary measurements, however, together with the rotational censtants
'1 (3» 1-3)

" ~1 B -
BOUOI 0.2010460 cm ~ and BIOO(‘. =(),2015708 ¢cm
1

013 CS laser lines near 1160 cm

we csn estimate the

- We find lines at 1159.84 £ 0.1 c:m-1 and
1160.23 + 0.1 cmtl which are either R(10} and R(11) transitions or R(11) and R(12).

_ A In the near future we hope to increase the SHG output encrgy to at least 100 m].

The 013CS laser should then operate easily with a grating.

H. Kildal
T, F. Deutsch
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Figure Captions:

3.1-1

3.1-2

3.1-3

3.1-4

3.1-5

Qutput energy versus input energy for the SiH4 laser with a SiH4-CO
ratio of 1:1.

Optical transmission through 50 Torr of CZHZ in a 10 cm cell with
and without removal of the acetone traces by a cold trap at -80°C.
Output energy versus input energy for the OCS laser at 12 Torr
total pressure and 14 cm active length. Front optics: 1 m 9% R
at 8.2 um. Rear optics: 30 cm 1009 Reflector (a), ZnSe Brewster
window and 30 cm 1009, Reflector {b), ZnSe Brewster window and
grating blazed at 8 ym (c).

Output energy versus input energy for two OCS isotope lasers at

12 Tor total pressure and 14 cm active length. Front optics: 1 m
997 I at 8.2 ym. Rear optics: ZnSe Brewster window and 2 m
100Y, Reflector.

Qutput energy versus input energy for the OCS laser at two different

remperatures and a 55 ¢m internal mirror cell. Front optics: 1 m

99 R at 8.2 um. Rear optics: 2 m 1009, Reflector.
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Table 3.1+1, Observed vacuum frequencies

of the SiH4 laser (+ 0,04 cm'l)

Frequency

cm

Elha . fod

; 1265.56
1262, 31
1258.02
1257.10
t 1254, 56

 § 1251.25
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Table 3.1-4

Calculated frequencies for the

T PR Y SR AT o LR S i T e L

laser lines 01000-000011 Q) - branch transitions.

This Ref. a ] C,H, C,HY €yl
Work (ref. hand c) (ref, b) {ref. b)
1 1245.17 1176.04 1226.11
2 1245.14 1176, 02 1226.09
3 1245.08 1175.99 1226.06
4 1245.02 1175.94 1226.02
5 1244.93 1175.89 1255. 97
6 1244, 83 1175. 83 1225. 91
1244.70 7 1244.71 1175.75 1225, 84
8 1244.57 1175. 67 1225.76
1244.52 1244. 46 9 1244, 42 1175.57 1225.66
10 1244.25 1175, 46 1225.56
. 1244.12 1244.09 11 1244, 06 1175. 34 1225. 45
B 12 1243.85 1175.22 1225. 33
% 1243.75 1243, 64 13 1243. 63 1175. 08 1225,20
; 14 1243.39 1174.93 1225.05
1243.08 1243.12 15 1243.13 1174.77 1224.90
16 1242.86 1174. 60 1224.73
17 1242.57 1174. 42 1224.56
18 1242.26 1174.23 1224.38
' 19 1241.93 1174.03 1224.18
20 1241.59 1173, 82 1223, 98

3C. F. Shelton and F. T. Byrne, Appl. Phys. Lett. 17, 439 (1970).
bH. Fast and H, L. Welsh, !. Mol. Spectrosc. 41, 203 (1972).
°I. Pliva, J. Mol. Spectrosc. 44, 145 (1972),
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Table 3.1-5. Observed vacuum frequencies
of the 013CS laser

Frequency
(em™l)

1145.09
1146. 41
1148.13
1162.94
1163.63
1164.83

e b P P A

T
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3.2 16 um CO

9 Laser
Since the last reporting period, we have obtained 16 um laser oscillation in
an optically -pumped mixture of HBr-COz. Subsequent to this result, several months
were spent in trying to determine the baslc physical propertles of the laser, Once
these were known, improvement in the laser could then proceed In a more logical
manner, These early studies are described in detail in a preprint of a journal
article {Appendix 3.2-A)which is included at the end of this section.
We may summarlze the major result of this study as follows:
i) A total inversion e.:ists for the 16 um transition and, therefore, P, Q,
and R branch operation may all be obtained from the laser.

1i) The characteristic rotational relaxation time is faster tha the fastest

vlhrational relaxation rate (i.e., V-V transfer to the other Fermi mixed level),
As a result the laser may be scaled with pressure, as long as the rate of stimulated
pumping of the [1000, 0200]1[ level 1s also scaled correspondingly.

iif) It is not necessary to cool the CO, gas to -807C to achieve gain on the
16 um transition. This result was anticipated on the basis of the threshold
criteria.

iv) By judicious choice of cavity mirror reflectivities it is possible to operate
the laser without a 9,6 um stimulating pulse. Experimentally this was demonstrated
for the analogous 14 um CO‘ laser.

With these resuits known, we began work on improving the laser performance.
In order to scaie the output of the 16 um laser to a practicaf level, it is conve-
nient to raise the operating pressure over the 2 to 3 Torr value discussed in the
Appendix 3.2-A. Result “ii " above irdicates the chief limitation on pressure
scaling was the output power (not necessarily energy) of the pulsed C‘.()2 laser.

We, therefore, replaced the CO helical TEA laser with a commercial transverse
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discharge laser, Typically this laser produces a single line output energy of 20C-
300 mjoules in a 200 ns pulse.*

Although at this time this high power iaser has been used for only a limited
number of experiments we have been able o make significant improvement on
the 16 um laser performance. For example, we are now able to operate the iaser
repeatably at 100 Torr pressure (5 Torr HBI-C02 mixture, 95 Torr Argon buffer).
The optimum C02-HBr total pressure is now 4 to 5 Torr, as opposed to 2 Torr
previously. This pressure is stili somewhat lower than the value one would need
for total absorbtion of the laser radiation by the gas. Further, improvement in

pressure scaling can be expected after changes in cavity geometry, pulse delay,

etc. are instituted., Finally, using the new 002 iaser we have been able to realize
room temperature operation of the 16 pm laser. This improvement is not unexpected
since (PC operation was attained with the lower energy laser.

In addition to our work on the HBr-CO2 opticai pumped iaser, we have experi-
mentally evaluated the feasibility of other optical pumping schemes to generate
wavelengths desirable for LASL appiications. Our first area of interest was the
use of other hydrogen halide lasers to obtain a 16 um 002 laser completely analogous
in principie to that used on the HBr laser. in particular, optical pumping with HF
seems a singulariy desirable approach.,t This point may be argued on the basis of
the high energy output availabie from the HF laser as well as the more developed
chemical reactant technology for IR lasers (in comparisonto HBr lasers). Inorderto
demonstratethe general applicability of thia approach, we converted the HBr pin laser
to HF and used it to pump a low pressure sample of CO2 and HF. The resuiting

optically pumped laser oscillated strongly at 9.6 um. Sixteen micrometer output

was not seen because the BaF2 windows on the sample cell, which were resistart

*Compare this to the values of 80 m joules in a 2-3 us pulse in the helical TEA
laser used in the initiai research.

tExcitation of a DF-CO, mixture with a DF chemical laser seems kinetically more
favorahle,
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to HFF, were opaque at 16 ym. Further experiments with DF laser pumping of a
DF -CO2 mixture to obtain a 16 um laser are anticipated.

We have alsou used the HBr laser to pump a OCS transfer laser. The kinetics
are analogous to that in the CO-0OCS system described by Kildal and Deutsch; and
thus the operating parameters -- pressure, wavelength arc also similar., The
chief results of the experiment was to demonstrate further the utility of hydrogen
halide optical pumping systems as a technique for generating wavelengths of interest
to the LASL isotope separation effort.

Finally, we have examined the existing experimenial and theoretical data on

the spectrosco)pw and band strengths of the "16" ym band in other (302 isotopes.

These data indicate that other isotcpes will be suitable for obtaining additional
laser wavelengths in the 16 um region,

R. M. Osgood, [r.
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OPTICALLY PUMPED 16 pm 002 LASER"
R. M. Osgood, Jr.

Lincoln Laboratory, Massachusetts Institute ot Technology
Lexington, Massachusetts 02173

Abstract

A potentially useful 16 ym 002 laser, oscillating on the [1000, 0200]II to
oilo transition,is described, The v =1 - v =0 lines from an HBr chemical laser
were ased to pump a low pressure mixture of HBr and C.O2 gases, Vibrational
energy transfer from HBr f{cllowed by a 9.6 ym stimulating pulse populated the (302

[10%, 02°0]Il level.

*This work was sponsored by the U, S. Energy Research and Development Administration
under a subcontract from the Los Alamos Scientific Laboratory,
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Given the limited number of strong infrared laser sources, & convenient way
of generating secondary sources of reaaonable efficiency and power, is by the opti-
cal pumping of molecular gases. This may be done either by direct optical excita-
tion of the laser gas, 1 or by optical pamping of a resonant absorber followed by
collisional vibrational to vibrational (V-V) energy transfer to the laser gas. 2 The
second technique is particularly useful for optical pumping schemes utilizing a
hydrogen halide chemical laser as the optical pump. These lasers are known to be
both strong and relatively efficient sources in the 2.5 um to 6 um wavelength region.
In addition, a sizable fraction of the output energy from these lasers is in lines
within the v = 1 = v = 0 vibrational rotational band of the molecule, Thus, the same
hydrogen halide gas may be included in the gas mixture to act as the resonant ab-
sorber for most of the pumping wavelengths., The collision cross sections for reso-
nant V-V exchange between the first vibrational level in hydrogen halides and high
lying vibrational modes in polyatomic moelecules are known to be large. In essencc,
optical pumping with a hydrogzen halide chemical laser and the same hydre~<n halide
as a self absorber is a particularly clean technique for channeling the chemical
energy of the hydrogen and halogen reactions into a specific vibrational mode.

Many of the undesirable aspects of in situ chemical reactions and energy transfer
processes. 3 such »s gas heating and relaxation by atomic species or reacrants, are

not present in the optical pumping approach.

In this letter, we report using such an optical pumping scheme involving
hydrogen halides to develop a laser at 16 um and 14 pm. The former wavclength
region is of immediate practical interest because of its potential application to
laser separation of uranium iSOtOpes.4

The essential physics of the laser inversion process are depicted in Fig. 1.
The v =1=v =0 transidons generated in an HBr chemical laser are used to excite

the v =1 level of HBr. Vibrational energy transfer from the HBr populates
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the fundamental of the asymmetric stretch mode (0001) in COZ‘ A strong stimu-
lating field at 9.6 um (or 10.6 um) then acts to drive the molecule into the Ferini
mixed [1000, ()200]11 (or [1000, 0200]1) level. If 9.6 um saturatdon occurs proniptly
with respect to the rapid collisional deactivation of this level, 8 a population inver-
sion will be formed between the mixed level and the first exciied bending mode
(0110). Since the 0110 state is only 600 Cl‘!‘l-l abave the ground vibrational state,

it is useful to reduce its thermal population hy cooling, thereby minimizing the
threshold population requirements of the mixed level.

A schematic of the apparatus is shown in Fig. 2. The HUr laser used dis-
charge pfoduction of the reactants, H + Br2, and is similar in design to that
described in Ref. 6. 1t had an output power of 100 mjoules in a 200 nsec pulse,
with approximately 2/3 to 1/2 of the total laser power in the desiredv =1 =v =0
transitions. A CO, pin laser with conventional helical discharge geometry was used
to generate the 9.6 um sarurating pulse. The laser had an intra-cavity grating to
force oscillation on a selected vibrational-rotational line in the 9.6 .m P-branch,
Its output consisted of a,typically,3 .sec pulse (see Fig. 3a) containing 80 milli-
joules of energy. Spectral measurements of all laser lines were done with a 1/2
meter Bausch & Lomb monochromator, The Cu:Ge detecter and its amplifier had
a 1 MHz bandwidth,

The optically -purnped lasex cavity {for details see inset Fig. 2) was formed
hy two dichroic mirrors, both with a 10 m radius of curvature. Mirror one (M1)
was 999 reflective at 16 Lm, 9.7 rcflective at 14 um, and 80, transmissive at
4.% um. Mirror two (M2) was 987 refleciive at 16 uim and 500 transmissive at
9.6 um. The stainless steel sample cell within the optical cavity could he cooled
to -80°C by means of a closed cycle cooler. The cell required a vacuun box to
protect its KBr windov's irom atmospheric water vapor condensation when the cell

was cooled, The 4.1 um pump radiation was directed into the cavity through M1,
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and focuser] to a 4 mm beam diameter at the center of the cell, Because of the
complet: saturation of the gas medium by the 9, 6 um pulse, focusing was not
necessary for the beam coming from the CO2 laser through M2,

The pressure range of the HBI'-CO2 mixture for which 16 um stimulated emis=
sior: was observed was from 0.5 to 7 Torr. Typically a 50-30 mixture of HBr and
002 was gptimal. Up to 12 Torr of argon could be added to a 1.5 Torr COz-HBr
mixture before querching of the I6 um cmission occurred. As argon was added, the
various spectral lines would quench: first R, tihen P,and finally Q. This order of
quenching is consistent with the ordering of gain among ihe three rotational-
vibrational branches if a total inversion exists {see below). To sinplify the discus-
sion which follows,we will now confine our attention to only those pressure: effects ob-~
tained vy adding argon to relatively low partial pressures (a rew Torr oi a 50%-
mixture of HBr and C02). 8

Figure 3 shows a typical 9.6 um pulse (Fig, 3a), and the 16 un: pulse, attwo
different va‘ues of argon partial pressure (Fig. 3b and 3c} in the sample cell. At
low cell pressures 3(b),the 16 um pulse had a duration of a few microsecends. With
increasing argon partial pressure, the pulse duration shortened but its peak amplitude
increased. At lughest pressures, the measured pulse width was 200 nsec, although
thia measurement may be limited by the frequency response of the detection system.
The delay time between the 9.6 ym and 4.1 pm pulses w2 s varied to ascertain its
effect on the 16 um laser output energy. It was found that this energy varied with
the delay in a manner consistent with the known collisional dynamics of the C0200°1
level in a vibrationally ex.ited HBr-CO, mi:ntturf:;8 i.e., the 16 .m energy increased
with delay until V-V transfer was complete and then fell off at a rate equal to the

V-T rate of the vibrationally couplex mixture. Finally, the onset of the 1b Lm oulse

followed the 9.6 pm stimulating pulse by 100-200 nsec, a delay consistent with

buildup time in gas lasers of intermediate gain.
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Analysis of the spectral output indicated that at optimum pressures the optical-
pumped laser would oscillate simultaneously on the P, R, and Q branch lines of the

[10%, 02°0) to o1l

0 band. The rclative strengths of these three branches gener-
ally depended on the degree to which the laser gain exceeded threshold, and the in-
stantaneous length of the cavity. The fact that both R and Q branches were seen in-
dicates the population inversion is indeed total, Also at low and intermediate pres-
sures {see below for pressure range),it was found that the particular P and R rota-

tional transition which oscillated was the one whose upper rotational level corre-

sponded to the lower rotational level of the 9.6 yn transition, At higher pressures,

transitions dappearcd which were unconnected to the lower level of the 9,6 ym tran-
sition but which fell closer to the peak of the thermalized rotational distribution,

The results presented above can be satisfactorily explained by considering
the interplay between the rates of stimulated ¢mission on the 9.6 um band, rotational
relaxation, and the fastest vibrational rclaxation — i.e,, the decay of the
[1000, 0200]" 1cvel to the two other near resonant vibratioral levels. Although a
detailed quantitative model of thesc collisional processes can not be presented
here, its qualitative fcaturcs are as follows. 2 For the low range of the pressurcs
used here, rhe rate of srimulated emission vreatlv exceeds the rotational and vibra-
uonal relaxation rates. Further, the 9.6 pm laser pulse width is of the same dura-
tion as the time for complete rotational relaxation of the rotational manifold, 18
Under these conditions,and if the ] of the 9.6 um stimulated transidon is not far
from the peak of the thermalized rotational distribution, the line of highest gain in
the P, Q, and R branch througbout the duration of the pump pulse will remain that line
with the upper rotational level identical to the terminal level of the 9.6 pm transi-
tion, Also for low pressurcs, the 16 wm pulse 12ngth will be comparable to the
CO..! pulse length ~ several microseconds, This hehavior results from the fact

that as long as rotational thermalization of the entire rotational manifold is
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incomplete, the rotational levels not experiencing stimulated pumping act as a res-
ervoir and a sink for the upper and lower laser levels, respectively; thus, a 16 pm
inversion will persist as long as 9,6 yn pump field is on. At higher pressures, the
rotational thermalization occurs on & much Lhorter time scale than the stimulating
pulse., As a result, the 16 wm pulse is much shorter than the 9.6 pm pump pulse,
but the total energy of the puise is the same. This is in accord with Figs. 3b and c.
Further, it can also be shown that under these conditions, the rotational level of
highest gain does not remain the pumped level throughout the 9.6 pm pulse, but wili
in fact switch to a level near the maximum of the Boltzmann distribution, This re-
sult is also in accord with spectral observations. Finally, at the highest pressures
the relaxation rate to the other near resonant vibrational levels becomes fast com-
pared to 16 pm pulse buildup time, and this effect reduces the total dme averaged

gain to below threshold.

Experiments with the 14 pn laser were limited to confirming that laser oscil-
lation could be obtained without the use of an externally applied stimulating pulse.
Instead, the 10.6 pm pulse was generated internally within the same cavity as the
14 pm emission. This was accomplizhed by using the sam * techniques; cooling,
gas mixtures, etc., as in the 16 um laser, except that now mirror M2 was replaced

by a gold 50 cmradius of curvature mirror, With this relatively lossy cavity at

10. 6 um (M1 was 40-50%, reflective at 10,6 pm),the pulse formation time at 10.6 um
was delayed until a large population was transferred into the 00°1 level, Under these
conditions, the 1(¢, 6 pm induced population of the (1000, 0200)1 was sufficiently abrupt
compared to the vihraiional relaxation that the tra=siert gain on the 14 um level ex-
ceeded threshold. 1f, on the other band, M1 was replaced by a 997 reflector at
10. 6 pm, virtually no hold-off of the formation of the 10. 6 pin pulse occurred. Thus
a large transient population was ncver formed and the 14 um gain never exceeded
threshold,

In summary, we have demonstrated the usefulress of optical numping with a

hydrogen halide laser to achieve laser action in a wavelength region of practical
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] interes\. Improvemunt in laser performance may be anticipated through the use
of othur hydrogen halide systems (HC1 and DF, for emmple);11 and by straight-
forward optimization of the cell length, laser optics, and CO2 lager pump pulse
length. Experiments to effect such an optimization and to measure the laser output

energy and efficiency are now being undertaken.

Finally, I would like to thank the members of the Quantum Electronics Group
at. Lincoln Laboratory for their useful comments and discussions and to thank
A. SzBke, H. Schlossberg, S. Marcus, and B. Feldman for much enlightenment.

Also special appreciation is extended to D. Sullivan for his dedicated technical help.
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FIGURE CAPTIONS

Fig. 1. Simplified vibrational energy level diagram of 002 and HBr which summa-
rizes physical processes involved in 16 pm and 14 pm CO2 laser,

Fig., 2. Schematic of apparatus used to optically-pump HBr-CO2 g4s mixture,

Fig. 3. A typical 9.6 pm laser pulse (a) 2 usec/large division); and the 16 um

i laser pulse at two different values of argon pressure (b and ¢, 500 ns/

large division). The argon partial pressures for b and ¢ are 0 and 3

Torr respectively; the HBr-CO2 partial pressure was 1.5 Torr for

both b and ¢. The vertical sensitivity is the same in b and c.
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4. COZ LASER DEVELOPMENT AND EVALUATION

4.1. 12.2 um Wavelength Calibration

5

Using a tunable diode laser we have observed a number of 14Nl13 and 1 NH

3
absorption lines usable for 12.2 um wavelength calibration. Some of these lines
are also observed on the spectral scan data recently obtained from LASL. In
addition, we have precisely measured the frequency difference between the
00%1 - [10%, 0200]1 band P(48) transition of a 14C1(’02 laser and the nearest
strong MMI3 absorption line by using direct heterodyne techniques.

Figure 4.1-1 illustrates the experimental arrangement used in our measure-
ments. The outputs of a tunable diode laser and a 14CK’O2 laser were combined
bv a beam splitter. One hal " of the combined radiation was heterodyned on a fast

HgCdTe varactor photodiode, * 11

and the beatnote displayed and measured by a
microwave spectrum analyzer. The other half of the combined laser radiation
was used to probe either of two 1 meter long, 2 cm diameter ammonia cells and
the wavelengths of the absorption lines were determined by a 1 meter Spex grating

15 14

monochromator. Pressures of 2 and 5 Torr were used to fill the N}I3 and ~ "NH

3
absorption cells,

The unpublished ammonia data sent to us hy Professor K. N. Rao of Ohio
State (miversity proved to he of great help in carrving out our experiments.
In Figures 4.1-Z and 4.1-3 we reproduce those portions of Rao's ammonia ahsorp-
tjon data which we carefully explored for calibrating the 12.2 um wavelength
region. letermination of the calibration lines on the LASL spectral data have
been reported scparately to 1ASL.

Careful analisis of either the high resolution FASL measurements (with

etalon-related frequency calihration}) or our tunahle diode laser spectroscopy

indicates that some of the absorption features on the Rao data mav not he
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adequately resolved. For instance, on the LASL spectral scan for 15NH3 the

etalon shows a 0.05 t:m'1 spacing for lines #40 and #41, while Fig. 4.1-2

indicates a separation of (.114 an’l. 1In the 145}!3 data of Fig. 4.1-3, line

#383 1/2 indicates a feature clearly resolved by tunable laser spectroscopy,

but not shown in Rao's tables. Figure 4.1-4 shows a heterodyne beat note of

7,775 + 50 Miz between the 1*c', laser 00°1 - [10%, 02°0]; band P(48)
1

transition and the diode laser tuned to the 14NH3 ammonia 823.9425 cm1 ab-

sorption line (HP line #385 in the data pruvided by Dr. K. N. Rao) shown in

Fig. 4.1-3. Application of the 823.9425 cm-l ammonia line as a reference

will place the 14c“’o2 laser 00°1 - (100, 02%0], band P(48) emission to
1, i.e., 0.11 t:rn'1 higher frequency than previously indicated by
12C16

824.1583 cm’
our spectrometer cata based on O2 calibration,
C. Freed
*
K. Nill
REFERENCES

4.1-1 D. L. Spears and C. Freed, '"HgCdTe Varactor Photodiode Detection of
Cw CO2 Laser Bzats Beyond 60 (Hz,” Appl. Phys. Lett. 23, 445 (1973).

*
iaser Analvtics Inc.




Fig. 4.1-1

Fig. 4.1-2

Fig. 4.1-3

Fig. 4.1-4

FIGURE CAPTIONS
Experimental set-up for 12 i wavelength calibration.

Observed wavenumbers and identified transitions of the
Vs band of 1SNH3 (from XK. N. kio of Chio State University).
Observed wavenumbers and identified transitions of the

v, band of '™H, (from K. N. Rao of Ohio State University).
7,775 + S0 Miz beat note of a ' '¢'°0, laser 00°1 - [10%,02°0]
band P(48) transition and a diode laser tuned to the “NH3
ammonia 823.9425 cm ! absorption line (H.P. line #385 in the
data provided by Dr. K. N. Rao.) Vertical scale: linear,
Horicontal scale: 10 Miz/cm.




4.2 High Repetition Rate Q-Switched CO2 Lasers

The passively Q-switched laser, shown in Fig. 4.2-1 is a modification of
the stable, sealed-off cw lasers previously reported. Laser line selection is
accomplished by means of a diffraction grating as one of the cavity end re-
flectors. In addition, the Q-switching version incorporates an intra-cavity
stainless steel cell which contains a saturable absorbing gas. The saturable
absorber which we have used to the present time is sulfurhexafluoride (SFO)
diluted with helium. This mixture has been demonstrated to be an efficient

3.
Q-switcher of the high-gain lines in the P-branch of the 10.6 um hand.4‘” I

The
purpose of th» helium diluent is to regulate the recovery time of the SF& ab-
sorber and consequently the PRF of the laser. Typical partial pressures are
0.01 Torr SF6 and S Torr hel um,

Figure 4.2-2 shows a passively Q-switched pulse train with a PRF of
slightly greater than 100 kHz as well as an individual pulse. For this mode
ot operation the average power cutput was 5.5 watts.

By adjusting the helium pressure, the PRF could bc varied over a con-
siderable range, with frequencics in excess of 150 kHz observed. This PRF is
to our knowledee the highest reported for a passively Q-switched (0, lascr. A-
shown in Fig. 4.2-3, however, operating at very high PRF's results in a sub-
stantial increase in pulse width. This is due to the fact that the laser gain

does not recover completely hetween pulses and thercfore requires a longer

time to saturate the SFﬁ, thus hroadening the pulse.




At lower repetition rates, higher peak powers and shorter pulse durations
were obtained, as exemplified by the 300 nanosec pulse at 12 kHz PRF in Fig. 4.2-3
As yet, only P(20) of the 10.6 um band has been studied. Many other
lines of both normal and isotopic (Dz may be Q-switched using SFG’ as well
as other absorbing gases.
C. Freed

S. Marcus®

’§ REFERENCLS

1.2-1 0. R. Wood and S. E. Schwarz, Appl. Phvs, lett. 11, 88 (1967} .

FIGIRE CAPTIONS

Fig, 4.2-1  Passively Q-switched stahle {0, laser.

Fig. 4.2-2  lassively Q-switched (0, laser pulse train with 100 kHz

repetition ratc.

te

Fig. 4. Passively O-switched (0, laser pulse shapes at 17 Kz, 30 Kiz

aed 140 Kz repetitisn rates.

- .
This work was sponsorcd by the Department of the Air force.
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Fig. 4.1~5




PASSIVELY Q-SWITCHED LASER PULSES




PRF = 12 kHz

PRF = 40 kHz

PRF =140 kHz

PASSIVELY Q-SWITCHED PULSE SHAPES

Fiy. 4. 1.
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